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We argue that the instanton induced P-odd contributions to the Sivers effects in polarized proton- 
proton scattering, may cause substantial charge-dependent azimuthal correlations for production 
in unpolarized proton-proton scattering at the LHC. We suggest that this mechanism may still be 
substantial in peripheral heavy ion collisions both at RHIC and LHC. 



1. Introduction. A large Single Spin Asymmetry 
(SSA) in dedicated Semi-Inclusive Deep Inelastic Scat- 
tering (SIDIS) using lp^ — > I'nX was reported by both 
the CLAS and the HERMES collaborations [TH1]. These 
large SSAs were also reported by the STAR and PHENIX 
collaborations [5]-[7] in pion production using a polarized 
proton beams at collider energies p^p — > nX. Large 
SSAs are triggered by "P-odd contributions in the scat- 
tering amplitude that arc not amenable to QCD pertur- 
bation theory. 

The QCD vacuum supports large instanton- 
antinstanton fluctuations that are non-pcrturbative 
in nature and a natural source for "P-odd contributions. 
QCD instantons are hedgehog in color-spin, that makes 
them ideal for triggering large spin asymmetries [81-11 1 j . 
Recently, we have shown that the one-instanton and 
one-antinstanton contributions to both lp^ — > I'nX 
and p-fp — > irX yield results that are consistent with 
the large measured asymmetries reported in the above 
experiments |12j . These P-odd contributions are beyond 
the realm of factorization and provides a QCD based 
quantitative mechanism for the Sivers effect. 

In this note we would like to argue that these P-odd 
instanton contributions at the origin of the Sivers effect, 
may cause large pion azimuthal correlations in unpolar- 
ized pp scattering at the LHC. The fluctuations in the 
spin of the projectile and target correlate in event-by- 
event, causing P-odd pion azimuthal correlations as we 
will detail below. 

The organization of this note is as follows: we first 
revisit the SSA induced by a single instanton (antinstan- 
ton) contribution in polarized p^p collisions [12 . We 
give a simple assessment of the P-odd contributions with 
their pertinent probabilities of occurence in unpolarized 
pp collisions. We use this assessment to evaluate the pion 
charge-dependent azimuthal correlations in pp collisions 
at the LHC. We extend our analysis to many independent 
and unpolarized pp collisions in one event. The P-odd az- 
imuthal charge correlations are found to deplete rapidly 
with the number of independent participants. We argue 
that this mechanism may still be at work in peripheral 
heavy- ion collisions as reported by STAR |13| . 

2. pp Collisions The unpolarized proton beam is 
an equal admixture of 6 proton polarizations along or 
against the 3 independent spatial directions. For unpo- 
larized pp collisions this amounts to 6 x 6 = 36 initial 
spin configurations of equal probability. We illustrate in 
Fig. [T] one of the equally probable collision configuration. 




FIG. 1: Illustration of the reaction plane for 2 colliding pro- 
tons. Pi carries a spin along the impact parameter, while 
P2 carries a spin orthogonal to it. The emitted pion carries 
transverse momentum K± with azimuthal angle <f>. 



The colliding protons carry momentum-spin assignments 
(P, S) 1,2- The reaction plane is defined by the longitudi- 
nal kinematics and the impact parameter. The emitted 
pion with momentum K projects to K± onto the trans- 
verse plane, with azimuthal angle cf> with respect to the 
reaction plane or impact parameter. 

Let Pi be the forward kinematical direction. At 
asymptotic ^fs (about 7 TeV at the LHC), the one- 
instanton induced asymmetries for forward (AZ± ) and 
backward (A^ ± ) pion productions for the spin polariza- 
tions shown in Fig. [T] are readily derived using our anal- 
ysis in [TJ], 
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p is the instanton size and A the mean quark zero-mode 
virtually. In the QCD vacuum p ps 1/3 fm PH [TS] . The 
mean instanton quark zero mode virtuality is tied to the 
light quark condensate. For two flavors the condensate 
Xuu ~ (200 MeV) 3 , so that A ps 1/(0.2 GeV) 3 . 

The spin polarized distribution functions Au s (x,Q 2 ) 
and Ad s (x,Q 2 ) for the valence up and down quarks 
will be borrowed from experiments |161 1X7] . Specifi- 
cally, Au s (x,Q 2 )/u(x,Q 2 ) = 0.959 - 0.588(1 - x 1 
Ad s (x,Q 2 )/d(x,Q 2 ) = -0.773 + 0.478(1 - as 1 - 243 ) 
d(x,Q 2 )/u(x,Q 2 ) = 0.624(1 - x). 

Xf is the pion longitudinal momentum fraction K\\ = 
xpy/s/2, with xp > for forward and < for back- 
ward production. x\^ are factorization parameters for 
Pi t 2 and 2 the fragmentation parameter. < xi > is large 
and < X2 > is small for forward pion productions at 
large < Xp >, while < xi > is small and < x 2 > is large 
for large negative < xp > 12 . As the fluctuations in 
the differential cross section to follow is mainly due to 
large SSA effects (large xp), we will set < x\ >= 0.9 
and < X2 >= 0.1 for forward pion production, and 
< x\ >= 0.1 and < X2 >= 0.9 for backward pion pro- 
ductions. For simplicity, we will set < xp >= ±0.5 and 
<z>=0.5. 

For the LHC kinematics we will choose < K± >= 
3 GeV. Combining both forward ( T][2 ) and backward pion 
productions ([3|, we can make the V-odd charged pion 
asymmetries explicit. Specifically, 




FIG. 2: Same as Fig. [T] but with now the two spins Si,2 in 
the reaction plane and opposite to each other. 
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TABLE I: P-odd asymmetry factors in charged pion pro- 
ductions in pp collisions with a transverse pion momentum 
< K± >— 3 GeV and instanton size < p >= 1/3 fm. 



We note that on average the V-odd asymmetries < 
!i T ± >= vanish when averaged over all pp collisions. 
However, their fluctuations or correlations do not. In- 
deed, the like-charge azimuthal pion correlations are 
readily constructed from Table [TJ 



ps +2 x 0.0207 sine 
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If we recall that the "P-odd asymmetry in the azimuthal 
pion multiplicity is parametrized as [13] 
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we conclude by comparison with ^ that: v„+ = 0.0207 
and v^- = —0.0178 for the 4 equally probable colli- 
sions illustrated in Fig. [T] For comparison, we illustrate 
in Fig(2]a collision with a different spin arrangement. In 
this case both Si 2 are in the reaction plane but oppo- 
site to each other. A rerun of the same arguments yield: 
IV+ = 0.0414 and v^- = -0.0356. 

Since the collision with P\ and P2 is symmetric, the 
corresponding probability for the 4 collisions illustrated 
in Fig. [T| is: 2 x 4/36. The probability for the 1 collision 
illustrated in Fig. 2] is 1/36. The interchange 1 «-> 2 in 
the latter is redundant. Table [I] summarizes the pertinent 
charged pion asymmetries with their probability weights 
for equally likely collisions. 



< v w +v„+ > = — x 0.0414 2 + 4 x 0.0207 2 = 0.286 x 10~ 3 
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and similarly for the unlike-charge azimuthal pion corre- 
lations 
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In Table [TT| we show our results for the T^-odd and charge- 
dependent azimuthal pion correlations for unpolarized pp 
collisions at the LHC. Since our results depend on the 
mean value of the transverse pion momentum < K±_ > 
and the size of the instanton < p > , Table |H] shows the 
results for a resonable choice range. We note that our 
predictions are robust against these parameter changes. 

3. AA Collisions. The charge-dependent azimuthal 
correlations in unpolarized pp collisions as detailed be- 
fore may survive in peripheral heavy-ion collisions both 
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TABLE II: Expected charge-dependent azimuthal correlations in unpolarized pp collisions. 
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TABLE III: Expected charge-dependent azimuthal correla- 
tions of n independent hard pp collisions with < K± > = 
1 GeV and <p>=l/3fmin one event. See text. 
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TABLE IV: V-odd asymmetry factors in charged pion pro- 
ductions in pp with < K± >= 1 GeV and < p >= 1/3 fm. 



at RHIC and LHC. To estimate this effect, consider n 
independent hard pp collisions in a heavy ion event. In 
Table IIIII we tabulate our estimates for like and unlike 
charged pion azimuthal correlations as a function of the 
number of n. The correlations dwindle with increasing n 
because of the rapid increase in the number of spin com- 
binatorics and therefore the smallncss of the weight fac- 
tors in the truely correlated spin arrangements. Table [TTl] 
was derived using < K± >= 1 GeV and p « 1/3 fm for 
which Table [IV| for pp is pertinent. We recall that in the 
STAR'S experiment 13J , < K± > ranges from 0.15 GeV 
to 2 GeV. 

Fig. 3] (lower) displays the V-odd like and unlike 
charged pion correlations as a function of the number 

Similar 



of hard pp collisions, as recorded in Table III 
correlations were reported by the STAR collaboration at 
RHIC as a function of centrality. For illustrative compar- 
ison we display their results in Fig. [3] (upper). It is amus- 



ing to note that for the very peripheral events at RHIC, 
the azimuthal correlations are of the same order of mag- 
nitude as the the ones we estimated from our instanton 
induced Sivers effect. We suggest that this mechanism 
may still be at work in peripheral heavy ion collisions 
both at RHIC and LHC. 
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FIG. 3: Upper figure — experimental results of charge- 
dependent azimuthal correlations in Au + Au and Cu + Cu 
collisions at y/s = 200 GeV [13] . Lower figure — expected 
charge-dependent azimuthal correlations of n independent 
hard pp collisions in one event. 



4. Conclusions. Large V-odd instanton contribu- 
tions to the Sivers effect in polarized pp experiments may 
contribute substantially to V-odd azimuthal correlations 
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in unpolarized pp collisions with high pion multiplicity 
such as pp collisions at LHC. We have provided simple 
estimates for the like and unlike pion correlations at 
LHC. Their future measurements will provide more 
constraints on our understanding of polarized pp exper- 
iments. We have suggested that the Sivers effect may 
still contribute to the recently reported V-odd azimuthal 
pion correlations by the STAR collaboration 13J . We 
noted that these effects deplete rapidly with the number 
of independent hard pp collisions unless more nuclear 



spin correlations are retained in the shattering stage 
of the heavy ion collision. We note that "P-odd Collins 
effects were recently argued in the context of the quark 
fragmentation function [18 , that maybe complementary 
to our arguments. 
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